We study a multi-cell multi-user MIMO full-duplex network, where each base station (BS) has multiple antennas with full-duplex capability supporting single-antenna users with either full-duplex or half-duplex radios. We characterize the up-and downlink ergodic achievable rates for the case of linear precoders and receivers. The rate analysis includes practical constraints such as imperfect selfinterference cancellation, channel estimation error, training overhead and pilot contamination. We show that the 2× gain of full-duplex over half-duplex system remains in the asymptotic regime where the number of BS antennas grows infinitely large. We numerically evaluate the finite SNR and antenna performance, which reveals that full-duplex networks can use significantly fewer antennas to achieve spectral efficiency gain over the half-duplex counterparts. In addition, the overall full-duplex gains can be achieved under realistic 3GPP multi-cell network settings despite the increased interference introduced in the full-duplex networks.
The full-duplex BS in each cell has M antennas, and the UE has single antenna with either full-duplex or half-duplex radio. Besides the conventional interference, there will be new BS-BS and UE-UE interference highlighted by the red dash lines.
there are more simultaneous active links and hence there is a possibility that the full-duplex gain can be offset by the loss due to additional interference. In the example shown in Fig. 1 , the uplink rate will be affected by the new interference from neighboring full-duplex BSs, and downlink rate will be affected by the new interference from uplink users (UE).
In this paper, we study if and how large antenna arrays at BSs can be used to manage the increased intra-and inter-cell interference in full-duplex enabled networks. Recently, the use of a very large antenna array at the BS has become very attractive [8] [9] [10] , known as massive MIMO, where a BS has orders of magnitude more antennas compared with the current use. The large antenna array at the BS not only can increase the network capacity many-fold, but also enable a new network architecture to simplify baseband signal processing [8] , eliminate intercell interference [11] , and reduce node transmit power for energy saving [12] . The experimental evidence on the benefits of massive MIMO has already sparked strong industry interest and 64-antenna configuration [13] is now being considered for 5G systems.
Our contributions are three-fold. First, we provide a general analysis to characterize the uplink and downlink ergodic achievable rates in multi-cell multi-user MIMO (MU-MIMO) full-duplex networks. Focusing on computationally efficient linear receivers and precoders, we consider the case where each BS has multiple antennas with full-duplex capability, while each UE has a single antenna with either full-duplex or half-duplex radio. Practical constraints such as imperfect selfinterference cancellation, channel estimation error, training overhead and pilot contamination are considered in our analysis.
Second, we analyze the system performance in the asymptotic regime where the number of BS antennas grows infinitely large. We show that the transmit power of BSs and UEs can be scaled down with an increasing number of BS antennas to maintain a fixed asymptotic rate.
The impact of imperfect self-interference cancellation at full-duplex BSs and full-duplex UEs, intra-cell and inter-cell interference in the multi-cell MU-MIMO full-duplex networks disappears as the number of BS antennas becomes infinitely large. Under the assumption of perfect channel knowledge, full-duplex system asymptotically achieves 2× spectral efficiency gain over the halfduplex system. When channel estimation error and channel training overhead are considered, the 2× asymptotic full-duplex gain is achieved when serving only full-duplex UEs.
Lastly, we numerically evaluate the system performance in finite SNR and finite antenna regimes. Our numerical results reveal that full-duplex networks can use significantly fewer antennas to achieve spectral efficiency gain over the half-duplex counterparts. In addition, under realistic 3GPP multi-cell network scenarios [14] , the overall full-duplex gains can be achieved despite the increased interference introduced in the full-duplex networks.
Related work: There are two lines of work in the area of MU-MIMO full-duplex cellular networks. The first line of work focuses on information theoretic limits while the other line of work focuses on practical network design. Towards that end, we discuss [15] [16] [17] [18] [19] [20] [21] [22] [23] ; note that not all papers are multi-cell studies. In [15] [16] [17] [18] [19] , only a single-cell MIMO full-duplex case is studied.
The authors in [15] [16] [17] study the information theoretic limits of a single-cell MU-MIMO fullduplex network, where the high signal-to-noise (SNR) approximation, i.e., degrees of freedom or multiplexing gains have been characterized. In [18, 19] , the authors propose opportunistic scheduling and a distributed power control method to mitigate UE-UE interference in a singlecell MIMO full-duplex network. Authors in [20] present several schemes to manage UE-UE interference via out-of-band wireless side-channels in the full-duplex network.
All the papers [21] [22] [23] study multi-cell full-duplex networks. In [21] , scheduling and power control algorithms with BS cooperation in the multi-cell SISO full-duplex networks are investigated and [22] studies the MIMO case with 4 BS antennas. The performance analyses are based on extensive simulations, largely because of the challenge of analyzing complex scheduling and power control methods. In [23] , the authors study the degrees of freedom region when the BSs have full coordination. This converts the problem into a network MIMO problem, and essentially allows one to treat the multi-cell problem as one giant MIMO cell. This, in turn, allows the use of interference alignment to achieve the highest possible degrees of freedom. While this approach provides insights into the maximum possible degrees of freedom, it relies on full coordination and proposes a very complex transmission method -both of them are extremely challenging to implement in practice. Compared to the above works, we focus on the case when there is no BS coordination and hence we cannot convert the problem to the more tractable single-cell problem.
In addition, we allow only simple linear processing at the BSs, namely conjugate beamforming, and hence complex schemes like zero-forcing or interference-alignment cannot be employed.
The rest of paper is organized as follows. We first describe the system model in Section II.
In Section III, we characterize the ergodic achievable rates of uplink and downlink under both perfect and imperfect CSI assumptions. The large-scale system performance is studied in Section IV. The numerical results with realistic network evaluation are presented in Section V. Section VI concludes the paper.
II. MULTI-CELL FULL-DUPLEX SYSTEM MODEL
We consider a multi-cell MU-MIMO full-duplex system with L (≥ 1) cells, where each cell has one in-band full-duplex BS with M antennas. In each cell, single-antenna UEs with either full-duplex or half-duplex radios are supported. Each BS can serve K f full-duplex (FD) users, K u h half-duplex (HD) uplink users and
HD UE
} as the set of all uplink users, where the first K f elements represent K f full-duplex users; and the last K u h elements represent half-duplex uplink users. The set of all downlink users are denoted as
}, where the first K f elements represent full-duplex users, and the last K d h elements represent half-duplex downlink users. We further denote the set of full-duplex users as K f {1, · · · , K f } and set of half-duplex downlink users as K
and the total number of downlink users is
where
The uplink and downlink data are transmitted over the same time-frequency slot with block fading. The analysis in this paper can be applied to wide-band channels like OFDM system.
In this work, we will consider practical constraints on the full-duplex radio chains such as nonideal power amplifier, oscillator phase noise, non-ideal digital-to-analog converter and analogto-digital converter, which can be captured by the dynamic range model [24, 25] . The dynamic range model approximates the imperfect full-duplex transmit radio chain as an additive white Gaussian "transmitter noise" added to each transmit antenna. The variance of the transmitter noise is κ (κ 1) times the power of the transmit signals, where κ is the dynamic range parameter. The full-duplex transmitter noise will propagate over the self-interference (SI) channel and become nontrivial compared to the receiver thermal noise. However, the effect of transmitter noise that propagates over the uplink/downlink channels can be ignored compared to the receiver thermal noise [25] .
A. Uplink
The j-th full-duplex BS will receive an M × 1 uplink signal vector y u,j :
vector consisting of uplink messages of the K u uplink users in the l-th cell. Each user has an average power constraint P u , and
downlink transmit signal in the l-th cell. Each BS has an average power constraint P d .
We assume G u,jl is an M × K u matrix denoting the channel between the uplink users in the l-th cell and the j-th BS. The propagation channel model in our system considers both smallscale fading due to mobility and multipath, and large-scale fading due to geometric attenuation and shadowing effect, thus allowing arbitrary cell layout.
The uplink channel G u,jl encompasses independent small-scale fading and large-scale fading
is the small-scale fading value between the n-th uplink user in the l-th cell and the m-th antenna at the j-th BS, following independent and identically distributed (i.i.d.) circularly-symmetric complex Gaussian distribution CN(0, 1). We use β u,jln to model the path loss and shadow fading between the n-th uplink user in the l-th cell and the j-th BS, which is independent of m. Such long-term parameters can be measured at the BS.
The BS-BS channel V j,l is an M ×M matrix denoting the channel between the l-th BS and the j-th BS, and V j,j denotes the SI channel for the j-th full-duplex BS. We assume V j,l contains i.i.d
The imperfect full-duplex transmit front-end chain is modeled as transmit noise e bs,j ∈ C M ×1 added to each transmit antenna at the j-th full-duplex BS. And e bs,j will propagate through the SI channel and follow CN 0, The j-th BS then performs SI cancellation by knowing its SI channel and its downlink signal.
Hence from (1), we have
B. Downlink
The received signals for the K d downlink users in the l-th cell can be expressed as a
where G d,jl is an M × K d matrix denoting the channel between the downlink users in the l-th cell and the j-th BS, the downlink channel can be represented as G T d,jl and we have
where k ∈ K d , the superscript "T " denotes transpose. h d,jmlk is the small-scale fading value between the k-th downlink user in the l-th cell and the m-th antenna at the j-th BS, following
incorporates path loss and shadow fading between the k-th downlink user in the l-th cell and the j-th BS .
The UE-UE interference channel F lj is a K d × K u matrix denoting the interference channel from K u uplink users in the j-th to K d downlink users in the l-th cell;
where S ll is a K f × K f matrix denoting the interference channels between full-duplex users in the l-th cell. The diagonal elements of S ll constitute SI channels for each full-duplex user in the l-th cell. And S ll is a sub-matrix of F ll , where
We assume each entry in (F lj ) k,n f lkjn models both the large-scale and fast fading channel coefficient between the n-th uplink user in the j-th cell and the k-th downlink user in the l-th cell, and follows i.i.d. ∼ CN(0, β I,lkjn ), where j, l ∈ {1, · · · , L} and n ∈ K u , k ∈ K d . The transmit noise at each full-duplex user in the l-th cell e ue,l ∈ C K f ×1 will propagate through the SI channel and follow CN 0, κP u I K f . The receiver thermal noise n d,l
Next, the k-th full-duplex user in the l-th cell where k ∈ K f , will perform SI cancellation by subtracting out its own interference from the received signal in (3). Thus we have
where g d,jlk is the k-th column of matrix G d,jl and z d,lk ∼ CN (0, (σ 2 + κP u β I,lklk )) .
The expressions of the received downlink signals for full-duplex users and half-duplex users will differ, because for a full-duplex user, after SI cancellation there is no self UE-UE interference but an additional transmit noise is added to the received signal, while for a half-duplex downlink user, it will suffer the interference from all uplink users. Hence we can rewrite the received downlink signal for the k -th half-duplex user in the l-th cell where
where n d,lk is the k -th element in n d,l .
III. ACHIEVABLE RATES IN FULL-DUPLEX NETWORKS
In this section, we will derive the up-and downlink ergodic achievable rates in multi-cell MU-MIMO full-duplex networks. We first study the case of perfect channel state information (CSI)
where the channel information is obtained perfectly at no cost. Next, we consider the channel estimation error, where CSI is estimated from uplink pilot sequences. We assume synchronized reception from all cells, which will reflect the worst possible scenario of pilot contamination [11] .
A. Perfect channel state information 1) Uplink with maximum ratio combining: The j-th BS will receive data transmitted by its associated K u uplink users, together with the interference from other cells. We apply a lowcomplexity linear receiver, i.e., maximum ratio combing for uplink signal detection. The j-th BS will multiply the received signal after SI cancellation by the conjugate-transpose of its uplink
where superscript "H" denotes conjugate-transpose, y u,j is given in (2).
2) Downlink with conjugate beamforming: The l-th BS will transmit an M × 1 downlink signal vector x d,j by precoding the downlink messages using a conjugate beamforming linear precoder
where superscript "*" denotes conjugate.
consisting of downlink messages of the K d downlink users in the l-th cell with
is the l-th cell power normalization factor to meet the average power constraint such that
Substituting (7) into (4), we can first obtain the downlink signal at the k-th full-duplex user in the l-th cell where
Next, we substitute (7) into (5) to obtain the received downlink signal at the k -th half-duplex user in the l-th cell where
3) Ergodic achievable rates: We will treat the interference terms in (6), (8) and (9) as noise in our rate analysis. By coding over infinitely large number of the realizations of the fast ading channels, we can obtain the ergodic achievable rate of the n-th uplink user in the j-th cell (bits/s/Hz) as
where n ∈ K u , I bs−bs = l =j k∈K d
Similarly, the downlink ergodic achievable rates of the k-th full-duplex user and the k -th half-duplex user in the l-th cell are respectively given as
Proposition 1. For perfect CSI, lower bounds on the ergodic achievable rates of multi-cell MU-MIMO full-duplex networks when M ≥ 3 are given as
n∈Ku P u β I,lkjn , and
Proof: See Appendix A.
B. Imperfect channel state information
In order to perform up-and downlink beamforming in MU-MIMO networks, the BS needs to know the up-and downlink channels for uplink coherent detection and downlink precoding.
In this section, we will derive the ergodic achievable rates in the presence of channel estimation error. In the full-duplex system, the up-and downlink channels are estimated through uplink training sequences, and thus the pilot overhead is only proportional to the number of users.
Simultaneous up-and downlink data transmission starts after uplink training, as shown in Fig. 2 .
1) Pilot-aided channel estimation: During the uplink training period, within a coherence
symbols are used to estimate the channels between each BS and its associated UEs. The same set of pilot sequences will be reused by L cells. The channel estimate will be corrupted by pilot contamination [11] due to the non-orthogonality of the reused pilots. We assume that each user has an average channel training power of P tr , which is a parameter that depends on the length of the pilot sequences.
The j-th BS will correlate the received signal from uplink training with the pilot sequences assigned for the k-th user to obtain an M -dimensional vector y tr,jk
is the k-th column of the channel matrix G Φ,jj , and n jk ∼ CN(0, σ 2 I M ). For the full-duplex users, due to the channel reciprocity, we have
Hence the estimated uplink channels for full-duplex users can also be used for downlink precoding.
The MMSE channel estimate of the k-th user in the j-th cell g Φ,jjk can be obtained as [26] g
where Due to the orthogonality principle of the MMSE estimator, the true channel can be decomposed as the estimated channel and channel estimation error. Hence we have
I M , and the error Φ,jjk is independent of the estimateĝ Φ,jjk .
2) Uplink and downlink data transmission: In the uplink, the j-th BS will apply maximum ratio combining detector by multiplying the conjugate-transpose of channel estimateĜ 
where the k-th column of E u,jj is u,jjk , and (18) follows from G u,jj =Ĝ u,jj + E u,jj .
In the downlink, the l-th BS will employ conjugate beamforming to precode the downlink messages using the channel estimateĜ d,ll , and transmit an M × 1 signal vector x d,l ,
We assume that the downlink users do not have the channel estimate for reception (otherwise, additional pilot overhead needs to be considered), but are aware of the channel statistics. Each downlink user can perfectly track the average effective channel gain. Thus the received downlink signal can be decomposed as an average effective channel gain times the desired signal symbol, plus a composite term to denote effective noise as in [27] .
Substituting (19) into (4), the received downlink signal at the k-th full-duplex user in the l-th cell where k ∈ K f can be written as
where v lk =ĝ * d,llk for conjugate beamforming precoder. Similarly, we substitute (19) into (5) to obtain the downlink signal at the k -th half-duplex user in the l-th cell where
3) Ergodic achievable rates: For the uplink, the channel estimate will be treated as the true channel. Hence we can obtain the ergodic achievable rate for the n-th uplink user in the j-th cell as follows:
where n ∈ K u , I
ip bs−bs = l =j k∈K d
For the downlink, the effective noise is uncorrelated with the signal, using worst-case indepen-dent Gaussian noise results in [27] , the downlink ergodic achievable rates of the k-th full-duplex user and the k -th half-duplex user in the l-th cell are respectively given as
Proposition 2. For imperfect CSI with MMSE estimation, the following sets of rates are achievable in multi-cell MU-MIMO full-duplex networks when M ≥ 3
n∈Ku P u β I,lkjn .
Proof: See Appendix B.
C. TDD baseline system
We use TDD system as a baseline half-duplex system for comparison since both full-duplex and TDD systems use uplink training for channel estimation. 1 Compared with a full-duplex system, in a TDD system, the uplink does not have BS-BS interference and transmit noise which accounts for imperfect FD radios, and the downlink does not have UE-UE interference and transmit noise. We assume the corresponding TDD system has an uplink and downlink user sets of K u and K d , respectively, with the same total number of uplink and downlink users as in the full-duplex system, i.e., |K u | = K u and |K d | = K d . For the TDD baseline system, the up-and downlink transmissions are in two different time slots, and we assume an equal time sharing between up-and downlink transmission.
By treating interference as noise, the up-and downlink ergodic achievable rates in a TDD system under perfect CSI assumption are given as
When training sequences are used for channel estimation, within a coherence interval T , K u mutually orthogonal pilot sequences of length τ u (τ u ≥ K u ) are used for the uplink users and
The same sets of training sequences are also reused by all cells. The corresponding up-and downlink ergodic achievable rates with MMSE estimation in TDD system are given below,
Note that the uplink and downlink ergodic achievable rates in the baseline TDD system follow [12] and [27] but without lower bounding the achievable rates, as we will use them to compute the full-duplex versus half-duplex rate ratios in the next section.
IV. LARGE-SCALE FULL-DUPLEX SYSTEM PERFORMANCE
While the general ergodic achievable rates in the full-duplex system are given in the previous section, it is of interest to study the impact of large antenna arrays at BSs as the next generation of wireless systems will employ significantly more antennas at the infrastructure nodes [13] . In this section, we will investigate large-scale system performance as the number of full-duplex BS antennas, M , becomes arbitrarily large.
A. Leveraging large antenna arrays for multi-cell interference mitigation
In this section, we will show that using large BS antenna arrays can mitigate multi-cell interference in the full-duplex system. With increasing number of BS antennas, the signal strength will become stronger due to beamforming, and the transmit power can be scaled down proportionally to maintain the same quality-of-service. In what follows, we will present two theorems which characterize the asymptotic full-duplex spectral efficiency gain over TDD system under both perfect and imperfect CSI assumptions.
Theorem 1 (Asymptotic FD spectral efficiency gain with perfect CSI). For perfect CSI, we scale the transmit power of each node proportional to 1/M as P u = E u /M and P d = E d /M , where E u and E d are fixed. As M → ∞, the full-duplex spectral efficiency gains over the TDD system in the uplink and downlink, denoted by Gain p u and Gain p d , respectively, are given below, where fixed asymptotic up-and downlink rates are maintained.
The asymptotic ergodic achievable rate of the n-th uplink user in the j-th cell and the achievable rate of the k-th downlink user in the l-th cell are given below, to [28] ,
Under the favorable propagation condition in [11] where the fast fading channels are i.i.d. with zero mean and unit variance, from (29) , in the limit of M , we have
By substituting P u = E u /M and (10), (11) and (25), we can obtain the desired results as M → ∞.
Remark 1. When a full-duplex BS employs a large antenna array, the transmit power of each node can possibly be scaled down proportionally to 1/M C to achieve the same rate. As M → ∞, 1/M is the fastest rate at which we can scale down the transmit power to maintain fixed asymptotic up-and downlink rates. Otherwise, if C > 1, the rates will go to zero and if C < 1, the rates will go to infinity. The full-duplex system preserves the same power scaling law as in the half-duplex system [12] despite increased interference in the multi-cell full-duplex networks.
Full-duplex system asymptotically doubles the spectral efficiency over TDD system since all K u uplink streams and K d downlink streams can be supported in the same time-frequency slot.
Theorem 2 (Asymptotic FD spectral efficiency gain with imperfect CSI). For imperfect CSI with MMSE estimation, we scale the power of each node for channel training and data transmission
As M → ∞, the full-duplex spectral efficiency gains over the TDD system in the uplink and downlink, denoted by Gain ip u and Gain ip d , respectively, are given below, where fixed asymptotic up-and downlink rates are maintained.
The asymptotic ergodic achievable rate of the n-th uplink user in the j-th cell and the achievable rate of the k-th downlink user in the l-th cell are given below,
Proof: When channel estimation overhead is taken into account, the up-and downlink spectral efficiency in the full-duplex system are
,lk , respectively. While for the TDD system, since uplink and downlink transmission are in two different time slots, the corresponding up-and downlink spectral efficiency are
d,lk , respectively. Following similar steps used in the proof of Theorem 1, substituting (22), (23) and (26), and using the fact that Remark 2. In case of imperfect CSI, the fastest rate at which we can cut down the transmit power to maintain fixed asymptotic up-and downlink rates is 1/ √ M . As the transmit power scale down with increasing M , the impact of imperfect SI cancellation, intra-cell and inter-cell interference in the multi-cell MU-MIMO full-duplex networks will vanish as M → ∞.
B. System with only full-duplex users
For tractability, we consider a homogeneous network by assuming all links in the same cell have the same channel statistic and all the cross-cell links have the same channel statistics, i.e.,
, and the noise variance is set as σ 2 = 1. We consider a simple scenario where all users are full-duplex and the number of full-duplex users in each cell is K f K. Similar results can be derived in case of mixed half-duplex UEs or only half-duplex
UEs. With such simplification, we can compute the up-and downlink spectral efficiency per cell (bits/s/Hz/cell) when CSI is perfect as
When CSI is imperfect, the up-and downlink spectral efficiency per cell (bits/s/Hz/cell) are
We first evaluate the tightness of our derived bounds on achievable rates in the homogenous networks. We consider a scenario with L = 7 cells and the inter-cell interference level β = 0.3, each cell has K = 5 full-duplex UEs. The up-and downlink transmit power are assumed as P tr = P u = 10 dB and P d = 20 dB, respectively. The dynamic range parameter is κ = −50 dB.
In case of imperfect CSI, considering an OFDM system, we assume the coherence time is 1 ms (one subframe in LTE standard where there are 14 OFDM symbols in each subframe), and the "frequency smoothness interval" is 14 as given in [11] . Hence the coherence interval which is a time-frequency product is equal to T = 196. The pilot length is assumed to be the same as the number of users, i.e., τ = K. From Figure 3 , we can see that all bounds are very tight in both perfect and imperfect CSI cases, particularly with increasing M . Next, we use these bounds for the full-duplex system to compute the uplink and downlink spectral efficiency ratios between full-duplex system and half-duplex system. Note that for the half-duplex system, we still numerically evaluate the ergodic achievable rates with no simplification.
We compute the spectral efficiency ratios between full-duplex and half-duplex by comparing the full-duplex rates given in (32) and (33) with the half-duplex achievable rates in (25) and (26) which can be evaluated numerically. We consider the same setting as in Fig. 3 under both perfect and imperfect CSI assumptions. In Figure 4a , in the case of perfect CSI, we can see that as M increases, the up-and downlink spectral efficiency gain between full-duplex system versus TDD system will converge to 2 as we scale down the transmit power according to Theorem 1. The convergence rate is fast at the beginning, and becomes slower for large M . To reach the asymptotic 2× gain, it will require remarkably large number of BS antennas. However, full-duplex spectral efficiency gains in both uplink and downlink are achievable for finite M .
For example, when M = 64, full-duplex achieves about 1.7× downlink gain and 1.3× uplink gain. We numerically show that even without scaling down the transmit power, similar full- Figure 4b shows the full-duplex over half-duplex spectral efficiency gains in the case of imperfect CSI. We observe that even with channel estimation error and pilot contamination, full-duplex uplink and downlink gains exist for finite M with and without scaling down the transmit power.
We also investigate the spectral efficiency gain and antenna reduction tradeoff between fullduplex system and TDD system. The antenna reduction is the reduction of BS antennas due to full-duplex operation which can be characterized by the ratio between the number of BS antennas in TDD system (M TDD ) and the number of BS antennas in FD system. The spectral efficiency gain and antenna reduction tradeoff is essentially the tradeoff between full-duplex multiplexing gain due to simultaneous transmission and reception and beamforming gain due to large M . In Fig. 5 , we consider the same setting as in Fig. 3 under imperfect CSI assumption. We illustrate the spectral efficiency gain and antenna reduction tradeoff for both uplink and downlink with different M TDD in the TDD system. Larger full-duplex antenna reduction can be achieved at the cost of reducing the spectral efficiency gain. In the regimes above the dashed arrows as shown in Fig. 5 , full-duplex system achieves both spectral efficiency gain and antenna reduction over TDD system. We can see that full-duplex system can require an order of magnitude fewer BS antennas compared with TDD to obtain the same performance in some cases. In addition, as M TDD increases, full-duplex system can achieve higher spectral efficiency gain and antenna reduction.
V. NUMERICAL RESULTS

A. A small cell scenario
Based on the state-of-art self-interference cancellation capability [1] , the coverage of a fullduplex system is more likely to be within a small-cell communication ranges. Hence in this section, we present the numerical simulation in realistic small-cell network settings used in 3GPP [14] to evaluate the system performance. Twelve small cell BSs are uniformly and randomly distributed within a hexagonal region with a radius of 300 meters All the smallcell BSs have full-duplex capability with multiple antennas. Each small-cell BS is associated with five single-antenna half-duplex uplink UEs and downlink UEs, respectively, which are uniformly and randomly dropped within a radius of 40 meters of the BS. The numerical results are shown for the case of imperfect CSI with channel estimation error. We consider an OFDM system and the coherence interval is T = 196. The channel bandwidth is assumed as 20 MHz for both TDD and full-duplex systems. The large-scale fading models for BS-UE, BS-BS and UE-UE channels which include path loss and shadowing effect follow 3GPP model in [14] .
The SI channel model is based on the existing experiment data [1] , where the propagation loss of SI channel in a separate-antenna system includes path loss, isolation, cross-polarization and antenna directionality [3] , and in a shared-antenna system includes isolation using a circulator.
We assume the SI channel has a propagation loss of 40 dB. We run hundreds of random drops of BSs and UEs in the simulation, and parameter details are given in Tabel I.
The average full-duplex spectral efficiency gain is illustrated in Fig. 6 with varying numbers of BS antennas, where the dynamic range parameter κ is −60 dB. We verify that the full-duplex gains in realistic network scenarios exist for a range of finite number of BS antennas and the gains will scale with BS antennas. Fig 7 depicts the average spectral efficiency gain of the fullduplex system for different dynamic range parameters κ when M = 100, which demonstrates the impact of imperfect SI cancellation. Since all users are half-duplex, the downlink gains are not affected by κ. However, since all the BSs are full-duplex, the uplink gains are severely affected by the dynamic range values especially when the dynamic range value is low. We can see that 
VI. CONCLUSION
In this paper, we have investigated the multi-cell MU-MIMO full-duplex networks where single-antenna full-duplex and half-duplex UEs are served by the full-duplex BSs with multiple antennas. Using low complexity linear receivers and precoders, the ergodic achievable rates of uplink and downlink are characterized for the full-duplex system. Several practical constraints are modeled in the analysis such as imperfect full-duplex radio chains, channel estimation error, pilot overhead and pilot contamination. The large scale system performance is analyzed when each BS has a large antenna array. When the number of BS antennas grows infinitely large, the 2× asymptotic full-duplex spectral efficiency gain can be achieved over the TDD system with perfect CSI. When channel estimation error and channel training overhead are considered, the 2× asymptotic full-duplex spectral efficiency gain is achieved when serving only full-duplex
UEs. Furthermore, we show by numerical simulation that full-duplex system can achieve both spectral efficiency gain and antenna reduction as the full-duplex system can require one order of magnitude fewer antennas than TDD to achieve the same or better performance in certain cases.
APPENDIX
A. Proof of Proposition 1
Based on Jensen's inequality and the convexity of log 2 (1 +
. Hence we can lower bound the ergodic achievable rate of the n-th uplink UE in the j-th cell in (10) as P u (l,m) =(j,n) |g u,jlm | 2 + l =j k∈K d 
Combing (34), (35) and (36), we can obtain the uplink achievable rate in (12) .
To derive the lower bound on the downlink achievable rate, we need to evoke the Lemma 2. 
Following the same approach used in the derivation of uplink rate, we can obtain the achievable rate of each downlink user given in proposition 1. The details are omitted to avoid redundancy.
B. Proof of Proposition 2
Similar to the proof of Proposition 1, applying Jensen's inequality, we can lower bound the ergodic achievable rate of the n-th uplink user in the j-th cell in (22) as 
Now we can rewrite the expectation in (38) as E P u |˜ jjn | 2 + P u (l,m) =(j,n) |g u,jlm | 2 + l =j k∈K d
Combing (38), (40) and (41), we can obtain the uplink achievable rate in (24) .
For the downlink achievable rate in (23), we first compute E g 
Next, we compute E |g 
The rest terms in (23) can be calculated easily, and thus the details are omitted. Combing all the results above, we can obtain downlink achievable rate given in proposition 2.
